Abstract -The giant honey bee (Apis dorsata) is a keystone pollinator within Asian lowland forests. Across its range, A. dorsata populations are impacted by heavy hunting pressure and habitat disturbance. These pressures have the potential to significantly impact the genetic structure of populations, particularly the ability of queens to find a large number of genetically diverse drones for mating. Here, we compare queen mating frequency and allelic diversity between colonies sampled in disturbed and undisturbed areas in Thailand. Microsatellite analysis of 18 colonies in 6 aggregations showed no significant difference in paternity frequency at disturbed and undisturbed habitats. Measures of F ST and genetic differentiation between aggregations were not significantly different from zero (P>0.05); measures of allelic diversity showed no differences between disturbed and undisturbed sites, and there was no evidence of population structuring based on the program STRUCTURE. Our findings suggest, surprisingly, that habitat disturbance has no effect on the mating frequency, genetic diversity, or population connectedness. This suggests that the mating behavior of A. dorsata is robust to anthropogenic changes to the landscape.
INTRODUCTION
The giant honey bee, Apis dorsata Fabricius, 1793, is distributed from the Indian subcontinent to Southeast Asia (Ruttner 1988) . Colonies construct a massive single-comb nest, usually hanging in high, inaccessible places (e.g., beneath tall tree branches, cliff overhangs, and the eaves of a building) (Oldroyd and Wongsiri 2006) . The species is heavily hunted throughout its range for honey, wax, and brood, providing an important source of household income to many local people (Lahjie and Seibert 1990; Nath et al. 1994; Soman and Kshirsagar 1991; Strickland 1982) .
The ecology and behaviour of A. dorsata differs substantially from the other Apis species (Moritz et al. 1995; Oldroyd and Wongsiri 2006; Paar et al. 2004) . Colonies are often found in dense aggregations, sometimes with over 200 colonies present on a single tree or rock face , often separated by only a few centimetres (Paar et al. 2004) . A. dorsata is a peripatetic species, with colonies frequently undergoing a seasonal migration between nesting sites. Colonies usually occupy a nest site for 3-4 months (Paar et al. 2004) . At the end of this period, colonies abscond to an alternative nesting or bivouac site, leaving an empty comb. Absconding swarms probably migrate between locations with different blooming seasons (Crane et al. 1993; Dyer 2002; Itioka et al. 2001; Koeniger and Koeniger 1980; Liu et al. 2007; Sheikh and Chetry 2000) . Nesting sites are often reoccupied annually for decades Oldroyd and Wongsiri 2006) .
Like other Apis species, the mating of virgin queens and drones in A. dorsata takes place during flight at some distance from the colony. Virgin queens and drones leave their colonies at dusk, fly to well-defined drone congregation areas (DCAs), and return 15-30 min later (Koeniger et al. 1994; Rinderer et al. 1993; Tan et al. 1999) . A. dorsata virgin queens undertake 2 to 4 mating flights (Tan et al. 1999) . It is unknown if all the drones from all colonies within an aggregation area fly to a single DCA or if several aggregations service the same DCA. However, Kraus et al. (2005) showed that the temporal genetic structure of an A. dorsata DCA showed significant genetic differentiation across three sampling days, supporting the hypothesis that the DCA was occupied by at least two subpopulations every day but in varying proportions. In addition, the overall effective population size (N e ) was estimated to be as high as 140 colonies. This suggests that drones from the majority of colonies within the recruitment range of this DCA were represented (Kraus et al. 2005) .
All Apis species have a high but variable level of polyandry (Oldroyd et al. 1998; Palmer and Oldroyd 2000; Strassmann 2001; Tarpy et al. 2004 ). Extreme paternity frequency in A. dorsata was first reported by Moritz et al. (1995) . They found that queens mated on average with 30.17±5.98 drones with a range from 19 to 53, while the average effective number of matings (i.e., corrected for variance in paternity skew between males) was 25.56± 11.63. Similarly, Oldroyd et al. (1996) reported that A. dorsata queens mated on average with 26±5.42 drones and the mean effective mating frequency was 19.96±6.63. Wattanachaiyingcharoen et al. (2003) , who genotyped a larger sample size per colony, found 47 to 102 subfamilies per colony and an effective mating frequency ranged between 26.9 and 88.5. This indicates that there is a wide range of extreme mating frequencies in this species (Wattanachaiyingcharoen et al. 2003) .
The mating biology of A. dorsata, particularly the extreme mating frequency and the brief but multiple mating flights at dusk, suggests that A. dorsata queens and their offspring colonies may be placed at a fitness disadvantage if young queens are unable to locate nearby DCAs with large numbers of genetically diverse drones (Oldroyd et al. 1995 . Genetic diversity within colonies has multiple fitness benefits for honey bees, including increased disease resistance (Palmer and Oldroyd 2000; Seeley and Tarpy 2007; Tarpy and Seeley 2006) , improved task allocation (Jones et al. 2004; Seeley 2007, 2011; Oldroyd and Fewell 2007) , and increased brood viability (Page 1980) . Indeed, colony aggregations in Apis may have evolved in order to facilitate mating with genetically diverse drones (McNally and Schneider 1996; Oldroyd et al. 1995 Oldroyd et al. , 2000 .
We hypothesized that anthropogenic disturbance to the landscape might influence the mating biology of A. dorsata populations, reducing the number and genetic diversity of males available to queens for mating. To test this hypothesis, we estimated the degree of genetic variation and the level of polyandry within and between A. dorsata colonies in disturbed and undisturbed areas of Thailand to assess whether habitat disturbance has an adverse effect on the mating frequency in this iconic species.
MATERIALS AND METHODS

Study sites and sample collection
Aggregations of A. dorsata were located in disturbed and undisturbed in northern Thailand (Table I; Figure 1 ). We defined a disturbed habitat as an area substantially cleared for agricultural purposes. Undisturbed habitats were defined as a significant area of primary forest that had not been harvested. The aggregations studied were located at least 2 km within the borders of the defined habitat type. Koeniger et al. (1994) estimated, based on mating flight durations (Koeniger et al. 1994; Rinderer et al. 1993; Tan et al. 1999) , that the typical distance that a drone might fly to a DCA is approximately 700 m. Thus, 2 km is sufficient to ensure that the drones and queens encountered the appropriate conditions on their mating flights.
A colony aggregation was defined as a group of colonies assembled on a single tree or building, including any solitary nests nearby (<40 m) the main group (Paar et al. 2004 ). We collected adult workers from 6 aggregations (3 aggregations in each habitat type) ( Table I) . We sampled at least 300 workers (3 colonies per aggregation) from the curtain of bees on the lower edge of the comb. Samples were collected by local honey hunters who we paid to climb the trees or building. All samples were taken carefully in the late evening without causing workers to take flight from the nest, thereby minimizing drift between colonies (Paar et al. 2002 (Paar et al. , 2004 . Sampled workers were preserved in 95 % (v/v) ethanol until used for DNA extraction. The number of A. dorsata colonies in each particular aggregation was counted and the location recorded using a GPS.
DNA extraction and genotyping
DNA was extracted from the hind leg of each individual worker bee using a 5 % Chelex solution (Walsh et al. 1991) . The microsatellite target sequences were amplified by multiplex polymerase chain reactions (PCR) with fluorescently labeled primers. The microsatellite loci used were A14, A76, A88, and BI225 (Estoup et al. 1994 (Estoup et al. , 1993 Solignac et al. 2007 ). Samples containing no DNA were included in all plates as negative controls. We then resolved PCR products in a 3130xl Genetic Analyzer (Applied Biosystems, California). Resultant data files were analyzed to determine allele size using GENEMAP-PER software (Applied Biosystems).
Reconstruction of queen genotypes and identifying patrilines
The genotype of the queen heading each colony was inferred from the worker genotypes (Oldroyd et al. , 1996 . We excluded any worker that did not carry a queen allele as a drifted individual. After the genotype of the queen was determined, the genotype of the fathering drone was determined for each worker by subtraction (Oldroyd and Wongsiri 2006) . Where the paternal allele could not be distinguished from the maternal allele, paternity was allocated according to the proportion of homozygotes in the sample (Oldroyd et al. 1997 ).
Genetic diversity measures
The data were evaluated with the software packages GENEPOP 4.0.10 (Rousset 2008) and STRUC- (Hubisz et al. 2009; Pritchard et al. 2000) . All analyses were carried out with the inferred queen genotypes only (Paar et al. 2004 ). The number of alleles, number of effective alleles, allele frequencies, and observed (H 0 ) and expected (H e ) heterozygosity (according to Hardy-Weinberg equilibrium assumptions) of each microsatellite locus were calculated using the GENEPOP, as were exact tests for Hardy-Weinberg equilibrium at each locus and genotypic linkage disequilibrium. We also used GENEPOP to test for genetic differentiation and genetic distance (F ST ) between aggregations.
The program STRUCTURE was used to estimate the most likely number of sub populations in our overall population (Delaney et al. 2009; Pritchard et al. 2000; Rueppell et al. 2011) . This program uses a Bayesian model to probabilistically allocate individuals into one of K sub-populations assuming that subpopulations have different allele frequencies (Pritchard et al. 2000) . The parameter set was programmed for independent alleles and individuals with and without assuming population admixture. The program was asked to place individuals from all six aggregations into one, two, three, four, five, and six groups. We used a burn-in period and iteration number of 10,000 each and assumed correlated allele frequencies, with program defaults for all other parameters and options (Pritchard et al. 2000; Rueppell et al. 2011) . The best estimate of number of populations (K) was determined by looking at the Table I. values of the probability of the Bayesian model [Ln P (X/K), abbreviated as Ln(P) in the following] and the value of α.
Mating frequency determination
Effective mating frequency (m e ) within each colony with a correction for finite sample size was calculated according to Tarpy and Nielsen (2002) . Average relatedness, r, weighted according to the relative proportions of each subfamily and corrected for finite sample size, was calculated for each colony according to Oldroyd and Moran (1983) .
In order to make valid comparison of mating frequency between disturbed and undisturbed sites, and for comparison with previous studies of mating frequency in A. dorsata, observed paternity frequency, k, was adjusted to a common sample size of n according to Franck et al. (2000) . For each comparison, we set n to the sample size of the colony with the lowest sample size.
Non-detection and non-sampling errors
The number of patrilines in a colony may be underestimated if a patriline goes undetected if two or more drones involved in the mating have identical genotypes (non-detection error), or if a patriline is not represented in the sample (non-sampling error). The probability that two drones in a population in HardyWeinberg will have identical genotypes at all loci studied, and thus be genetically indistinguishable (non-detection error, nd) was calculated according to Foster et al. (1999) . The probability of not sampling a particular patriline, ns, was also calculated according to Foster et al. (1999) .
Statistical tests
We tested for paternity skew for each colony using G tests (Palmer et al. 2001) . We compared paternity frequencies, effective paternity frequency, estimates of paternity frequency with common sample size n=87, and intra-colonial relatedness between disturbed and undisturbed sites using ANOVA, with aggregation nested within habitat type. We also compared estimates of effective paternity frequency found in this study with those observed by Wattanachaiyingcharoen et al. (2003) and Oldroyd et al. (1996) using the independent samples t test using a common sample size n=87 and 42 (k 87 and k 42 ,) respectively.
RESULTS
Population genetic structure
The number of alleles, number of effective alleles, allele frequencies, and observed (H 0 ) and expected (H e ) heterozygosity are shown in Table SI . The sampled aggregations did not show any sub-structuring as shown by the Bayesian-Markov assignment algorithm implemented in STRUCTURE. K=1 was the most strongly supported number of populations [Ln (P)=−297.1 and Var Ln (P)=9.2] when assuming no admixture. There was no significant deviation from Hardy-Weinberg equilibrium for any one locus (P>0.05) or over all loci (P= 0.96). There was no evidence of linkage disequilibrium between any pair of loci at the population level (P>0.05). Furthermore, no individual aggregation showed significant linkage disequilibrium (P>0.05). All F ST values between aggregations were not significantly different from zero (P>0.05). Tests for allele frequency differences (genic differentiation) between aggregations also revealed no significant differences.
Paternity frequency in disturbed and undisturbed sites
The four microsatellite loci (A14, A76, A88, and BI225) had sufficient variability to differentiate the parental genotypes within the colonies (SI).
Observed mating frequency, k, (F 1,12 = 0.0004, P=0.984), effective mating frequency, m e (F 1,12 =0.232, P=0.639), mating frequency corrected for sample size, k 87 (F 1,12 =0.097, P= 0.760) and intra-colonial relatedness, r, (F 1,12 = 0.480, P=0.502) were not significantly different between disturbed and undisturbed sites (Table II) . We found significant paternity skew in all colonies studied (P<0.01).
The probability of failing to detect a patriline due to genetically identical inseminating drones (nd) (Boomsma and Ratnieks 1996) was 0.0018 based on allele frequencies from the entire study. This means that fewer than two fathering males were expected to be undetected in all 18 colonies (Table II) .
A patriline that is well represented in a colony has a low probability of not being sampled. For our sample size, the probability of not sampling a patriline represented by 1/20 of the worker population ranged from 0.0001 to 0.0037. However, a patriline that represented by only a small proportion of a colony's worker population had a higher probability of non-sampling. For example, if a patriline was represented by 1/50 of worker population, the probability of not sampling a worker from this patriline ranged from 0.027 to 0.172 with the sample sizes used in the present study. In some patrilines, only one worker was identified, suggesting that some patrilines went undiscovered.
We found no significant difference in deduced paternity frequency (k 87 ) and effective paternity frequency (m c ) between disturbed and undisturbed sites (F 1,12 =0.097, P=0.760, and F 1,12 = 0.232, P=0.639, respectively). Additionally, there was no significant difference in k 87 and m c values between aggregations within habitat types (F 5,12 =0.128, P=0.983, and F 5,12 =0.399, P=0.841, respectively).
The frequency of drifted workers was very low, ranging from 0 to 2.42 % with an average of 0.83 % (SE=0.21) (Table II) .
We found significantly lower k 87 and m c values than those found by Wattanachaiyingcharoen et al. (2003) (P<0.001 2-tail t test) (Table II) . We also found no significant difference in effective paternity frequency from that found by Oldroyd et al. (1996) (P=0.057, two-tail t test).
DISCUSSION
Mating frequency and environmental disturbance
Our study shows that there is no significant difference in the mating frequency of A. dorsata queens sampled in disturbed and undisturbed habitats. This indicates that habitat disturbance has no measurable effect on mating frequency in A. dorsata, and so our hypothesis that mating frequency and intra-colonial genetic diversity might be adversely affected in disturbed areas can be rejected. Franck et al. (2000) suggested that the documented differences in mating frequency between populations of Apis mellifera probably arise from variance in the risks incurred on mating flights. The cost of multiple mating principally depends on the number and duration of mating flights (Franck et al. 2000) , as flights during bad weather are more likely to result in queen death and will reduce the likely levels of polyandry (El-Niweiri and Moritz 2011; Kraus et al. 2004; Neumann et al. 1999; Schluns et al. 2005) . Franck et al. (2000) postulated that A. mellifera queens modulate the number of mating flights they undertake according to prevailing environmental conditions. For example, if a queen is obliged to mate during rainy weather, it most likely reduces the frequency and duration of mating flights, thereby reducing the genetic diversity of sperm in her spermatheca. Oldroyd et al. (1995) proposed that the genus-wide tendency for honey bee colonies to be aggregated may be driven by the need for proximity to drone congregation areas, thereby facilitating mating with a diversity of males. We suggested that this is especially the case in A. dorsata where mating flights are brief (Rinderer et al. 1993) . However, the results of the present study revealed no difference in the mating frequency of A. dorsata queens in disturbed and undisturbed environments, suggesting that there is no significant difference in mating opportunities at disturbed and undisturbed sites.
Our results suggest that current levels forest clearing in Thailand to make way for agricultural and urban areas has not had a significant effect on the population structure of A. dorsata, or on the mating frequency. A potential reason for this is that there is frequent exchange of colonies between forested and cleared areas. Thus, a queen that mated in a disturbed habitat 
Genetic structure of A. dorsata in Thailand
There was no significant difference in the degree of genic differentiation between aggregations in disturbed and undisturbed habitats showed, implying that there are no significant barriers to gene flow between disturbed and undisturbed habitats. Rattanawannee et al. (2012) found no genetic differentiation in A. dorsata populations at local scales in northwestern Thailand. These results support the theory that the long distance migratory behavior of A. dorsata allows it to tolerate habitat fragmentation (Rattanawannee et al. 2012) . Furthermore, there was no genetic differentiation among aggregations, suggesting that matings may occur between aggregations (Rattanawannee et al. 2012) , and that migrating swarms that join an aggregation come from diverse sources (Paar et al. 2004 ).
Levels of polyandry in A. dorsata
Our results confirm that A. dorsata queens have an extremely high mating frequency (Moritz et al. 1995; Oldroyd et al. 1996; Wattanachaiyingcharoen et al. 2003) . The observed mating frequencies for queens in this study ranged from 30 to 67. The average effective mating frequency in this study (33.59±2.19) was not significantly different from that found by Oldroyd et al. (1996) (25.60±11.60), but is considerably lower than that observed by Wattanachaiyingcharoen et al. (2003) (63.0±5.70 ). Despite our correction for sample size, our estimate of mating frequency may be underestimated due to undetected fathers. Wattanachaiyingcharoen et al. (2003) genotyped up to 288 workers per colony, providing better sampling coverage.
In conclusion, we have shown that the environment disturbance has no effect on mating frequency in A. dorsata. We confirm that the giant honey bee populations are panmictic despite current levels of bee hunting and habitat fragmentation. This is likely due to the highly mobile nature of the species, as well as their high reproductive rates. 
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